INTRODUCTION
In the past decade, the discovery of targetable genomic alterations in non-small cell-lung cancer (NSCLC) has revolutionized treatment of patients whose tumors harbor mutations in genes such as EGFR, [1] [2] [3] ALK, [4] [5] [6] and ROS1. 7, 8 More recently, activating mutations and genomic amplification in the mesenchymal-to-epithelial transition (MET) gene have been recognized as a potentially important therapeutic target in NSCLC. [9] [10] [11] [12] [13] [14] With a number of c-Met inhibitors already in clinical use, 15 prospective identification of MET genomic alterations may help guide treatment of a subset of patients with lung cancer toward more effective genotype-directed therapies.
c-Met is the tyrosine kinase receptor for hepatocyte growth factor. The intracellular c-Met juxtamembrane domain is encoded in part by MET exon 14 and contains critical regulatory elements, including tyrosine 1003, the direct binding site for Cbl, an E3 ubiquitin ligase that promotes c-Met protein degradation. 16 First recognized in NSCLC more than 10 years ago, somatic mutations in the MET gene can cause exon 14 skipping, and the resulting mutant receptor demonstrates increased c-Met signaling and oncogenic potential. 17, 18 With the advent of improved sequencing technologies, routine detection of MET exon 14 mutations has become more feasible. Several recent reports have shown that patients with MET exon 14-mutant NSCLC may respond to treatment with c-Met inhibitors such as crizotinib and cabozantinib. [9] [10] [11] [12] [13] In our study, we screened a large cohort of diverse tumor types at our institution and found MET exon 14 mutations in 28 patients with NSCLC. Here, we describe the unique clinical, molecular, and pathologic characteristics of this cohort and describe the case of a patient who achieved a major partial response to crizotinib.
PATIENTS AND METHODS

Study Population
The study population was composed of patients at the Dana-Farber Cancer Institute who consented to an institutional review board-approved prospective cohort study for cancer sequencing between August 1, 2013, and May 1, 2015. 19, 20 Demographic and clinical characteristics were collected from participants who had provided written informed consent for a separate institutional review board-approved clinical research protocol.
Next-Generation Sequencing
Next-generation sequencing (NGS) performed on 282 cancer-related genes (Appendix Table A1 , online only) is described in the supplemental methods section. Because criteria for copy-number cutoffs by NGS have not been well established, a modified approach to the clinically validated fluorescent in situ hybridization-based criteria for amplification used in our laboratory ($ 3:1 ratio of MET to CEP7) was applied. High-level gene copy gain (amplification) required evidence for focal MET gain at a ratio of 3:1 or greater of MET to chromosome 7, defined as the mean copy number of the MET gene (averaged across all the sequenced exons and targeted introns of the MET gene) normalized against the mean copy number of chromosome 7 (excluding regions of focal high amplification or deep deletions affecting other genes). Low copy gain was defined as a MET to chromosome 7 ratio of greater than 1 and less than 3. These criteria were similarly applied to other analyzed genes in this study.
Immunohistochemistry
A board-certified pathologist with expertise in thoracic malignancies (L.M.S.) classified each tumor histology according to WHO and International Association for the Study of Lung Cancer guidelines. 21, 22 Immunohistochemical (IHC) staining for c-Met, ALK, and ROS1 was performed on formalin-fixed paraffin-embedded tissue sections 4 mm in thickness and scored using published criteria. [23] [24] [25] [26] Clone names and staining conditions are listed in Appendix Table A2 (online only) . Staining for c-Met was scored semiquantitatively on a four-tier scale from 0 (absent) to 3 (strong membranous and cytoplasmic staining). Intensity scores were multiplied by percentage of tumor cells staining to generate an H score (maximum score, 300).
Qualitative Real-Time Polymerase Chain Reaction for Detection of MET Exon 14 Skipping RNA was extracted from formalin-fixed paraffin-embedded samples per protocol (AllPrep DNA/RNA mini kit; Qiagen, Hilden, Germany) and quantitated using Molecular Probes Quant-iT RiboGreen RNA assay kit (Life Technologies, Carlsbad, CA). FAM-labeled primer-probe sets specific for MET exon 14 deletion products and MET-wild-type products were combined with 10 ng of RNA in individual reactions. Qualitative real-time polymerase chain reaction (qRT-PCR) of test samples and positive and negative controls with 40 amplification cycles was performed in duplicate on an ABI 7900 RT-PCR system (Life Technologies) according to manufacturer protocol (ResearchDX, Irvine, CA).
Statistical Analysis
Fisher's exact and Wilcoxon rank-sum tests were used to compare categorical and continuous variables, respectively. All reported P values are two-sided hypothesis tests conducted at the .05 level, and no adjustments were made for multiple comparisons.
RESULTS
Patient Characteristics
To determine the frequency of MET exon 14 mutations in various cancer types, 6,376 solid and hematologic malignancies were analyzed using NGS between August 1, 2013, and May 1, 2015. Of the 1,141 lung cancers in this cohort, MET exon 14 mutations were identified in 28 (3.0%) of 933 nonsquamous NSCLCs (Fig 1) , comprising 873 adenocarcinomas, 15 pleomorphic carcinomas, and 45 NSCLCs, including poorly differentiated carcinomas, large-cell carcinomas, and adenosquamous carcinomas. MET exon 14 mutations were not detected in other tumor types or other lung cancer histologic subtypes, including 132
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Distribution of genotypes among 933 patients with nonsquamous non-small-cell lung cancer (NSCLC). Results from next-generation sequencing of these 933 patient cases are shown. In this prevalence cohort, MET exon 14 mutations were detected in 28 patients with nonsquamous NSCLC (3.0%). None of these 28 patients also had an activating mutation in KRAS, EGFR, or ERBB2 or a chromosomal rearrangement in ALK, ROS1, or RET. Of the 35 BRAF mutations detected in the cohort, 16 involved codon V600. Seven BRAF mutations cooccurred with other oncogenic mutations, most often as a minor subclone. Of the 27 PIK3CA mutations detected in the cohort, 14 co-occurred with another oncogenic mutation, including KRAS, EGFR, and MET exon 14. NRAS Q61L mutations co-occurred with KRAS mutations in two patients, and a BRAF exon 11 mutation occurred in one patient. A MAP2K1 D67N variant co-occurred with a KRAS and AKT1 mutation in one patient each. A single patient had both EGFR L858R and ERBB2 extracellular domain (S310F) mutations. The figure represents the percentage of patients in the overall cohort with a functional variant in each gene; because of co-occurring mutations, the percentages total more than 100%.
squamous cell carcinomas, 41 SCLCs, 20 typical or atypical carcinoid tumors, and 15 neuroendocrine carcinomas, including large-cell neuroendocrine carcinomas and SCLC and large-cell neuroendocrine carcinoma combinations.
The clinical and pathologic characteristics of all 28 patients with MET exon 14-mutated NSCLC are listed in Table 1 . Among these patients, the median age at disease onset was 72.5 years (range, 59 to 84 years), 19 (68%) were women, and 10 (36%) were never-smokers. At the time of their cancer diagnosis, 13 patients (46%) with METexon 14 mutations had stage I NSCLC, two (7%) had stage II disease, four (14%) had stage III disease, and nine (32%) had stage IV disease. Histologic analysis showed that 18 patients (64%) had adenocarcinoma, four (14%) had pleomorphic (including sarcomatoid) carcinoma with an adenocarcinoma component, five (18%) had poorly differentiated NSCLC not otherwise specified, and one (4%) had adenosquamous histology. The four patients with pleomorphic or sarcomatoid histology and MET exon 14 mutations represented 26.7% of 15 total patients with pulmonary sarcomatoid carcinoma sequenced in our cohort, consistent with a recent report that MET exon 14 mutations seem to be enriched in this histologic subtype of NSCLC. 27 We compared demographic characteristics of the cohort of patients with MET exon 14 mutations with those of patients with NSCLCs harboring activating mutations in EGFR and KRAS identified during the same period of time who had also consented to our institutional clinical research protocol (Table 1) . Patients with MET exon 14-mutant NSCLC were significantly older than patients with EGFR-mutant (P , .001) and KRAS-mutant NSCLC (P ,.001). Patients with METexon 14 mutations were significantly more likely than those with KRAS mutations to be never-smokers (P , .001) and significantly more likely than those with EGFR mutations to have a history of tobacco use (P = .03). Asian race was only enriched in the cohort of those with EGFR mutations (P , .001), and all 28 patients in the MET exon 14 cohort were white, non-Hispanic. A significantly higher percentage of patients with MET exon 14 mutations had stage I disease compared with those with EGFR or KRAS mutations (P , .001).
Characterization of MET Exon 14 Mutations
The positions of the MET mutations relative to MET exon 14 and its flanking introns are shown in Fig 2. Genomic deletions occurred in 17 (61%) of the 28 patients with MET exon 14 mutations, ranging in size from a two-base pair deletion to a 193-base pair deletion, and point mutations occurred in 11 patients (39%). Of the 17 deletions, four were entirely within intron 13 but did not disrupt the intron 13 splice acceptor site, six overlapped with the intron 13 splice acceptor site, two occurred entirely within exon 14 (one in frame, one out of frame), and five involved the splice donor site of intron 14. Of the 11 point mutations, one resulted in a Y1003C amino acid substitution at the Cbl binding site, seven disrupted the splice donor site of intron 14, and three occurred in the last nucleotide of exon 14 (c.3028G.A); one of these latter three also had a splice acceptor mutation in intron 5 of unclear significance. 
Concurrent Genomic Alterations
None of the 28 patients with MET exon 14 mutations also had activating mutations in KRAS, EGFR, or ERBB2 or rearrangements in ALK, ROS1, or RET (Figs 1 and 3) . In one patient, a MET c3025_3027GAA.G frame-shift mutation was detected in 76% of 453 sequencing reads, and there was also a concurrent BRAF V600E mutation in 3% of 159 reads (Fig 3) , suggesting that the BRAF mutation occurred in a subclonal tumor population. EGFR copy gain was also observed in eight patients (29%) with MET exon 14 mutations. Inactivating mutations in TP53 were observed in nine patients (32%), and amplification of MDM2, a negative regulator of p53, 29 was observed in 13 patients (46%). TP53 mutation and MDM2 amplification tended to occur in a nonoverlapping distribution, with a total of 20 patients (71%) having alterations in at least one of these genes (Fig 3) . Concurrent MDM2 amplification was significantly more common in MET exon 14-mutated lung cancers than in patients with KRAS (one of 315 [0.3%]; P ,.001) or EGFR mutations (six [3.4%] of 178; P ,.001). Compared with patients with MET exon 14 mutations, concurrent TP53 mutations occurred at a similar frequency among those with KRAS mutations (113 of 315 [36%]; P = .84) but were more common among those with EGFR mutations (112 [63%] of 178; P = .003). Other selected co-occurring genomic mutations and copy number alterations are shown in Fig 3. Genomic copy-number analysis demonstrated that among the 28 patients with METexon 14 mutations, six (21%) had concurrent high-level MET copy gain, and eight (29%) showed low-level MET copy gain (Fig 3) . In all 14 such patients, the METexon 14-mutated allele seemed to be selectively amplified over the MET-wild-type allele on the basis of read count bias toward the mutant allele. Stage IV NSCLCs with METexon 14 mutations had a significantly higher ratio of MET to chromosome 7 (mean ratio, 4. 
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NSCLCs with MET exon 14 mutations (mean ratio of MET to chromosome 7, 1.4; P = .007) and than 67 stage IV NSCLCs that lacked MET exon 14 mutations (mean ratio of MET to chromosome 7, 1.2; P , .001; Fig 4A) .
c-Met Expression by IHC
Sufficient tissue to perform c-Met IHC was available for 25 of 28 patients (Fig 3) . c-Met staining in the cohort of those with MET exon 14 mutations varied from weak expression (H score, , 50) to maximum expression (H score, 300). Stage IV NSCLCs with MET exon 14 mutations had a significantly higher H score (mean, 253) than stage I to III NSCLCs with MET exon 14 mutations (mean H score, 155; P = .002) and than 82 stage IV NSCLCs that lacked MET exon 14 mutations (mean H score, 142; P , .001; Fig 4B) .
Representative histologic stains and genomic copy-number plots from a patient with stage I and a patient with stage IV NSCLC are shown in Figs 4C and 4D , respectively. Fig 4C shows patient 2, a never-smoker with stage I minimally invasive lung adenocarcinoma, lepidic predominant, with no MET genomic amplification (ratio of MET to chromosome 7, 1.0), moderate c-Met expression (H score, 120), focal low-level MDM2 amplification, and few other genomic alterations. In contrast, Fig 4D shows patient 20, a patient with a 40-pack-year smoking history with stage IV high-grade solid adenocarcinoma with high-level c-Met protein expression. This tumor showed marked genomic instability, with numerous copy-number alterations, including low-level amplification of EGFR and MET (ratio of MET to chromosome 7, 1.6), low-level gain of chromosome 8q, homozygous deletion of CDKN2A/B, and MDM2 amplification.
MET Splicing Analysis
We performed a qRT-PCR-based assay in patient samples where enough RNA was available for analysis. Exon 14 skipping was observed in 23 (96%) of 24 samples (Appendix Fig A1A, online only Patient   IV IV IV III IV IV IV I IV I IV II III I  I  I IV I III II  I  I III I  I  I  I including those that showed intronic deletions upstream of the intron 13 splice acceptor site, one with an in-frame deletion within exon 14, and those with a c.3028G.A point mutation in the last nucleotide of exon 14. Exon skipping was not detected in any of the four control patients with lung cancer who lacked MET exon 14 mutations. In the one patient (patient 28) with a Y1003C substitution in the c-Cbl binding site, exon 14 skipping was not observed (Appendix Fig A1A) ; this patient's tumor displayed low-level MET genomic amplification (ratio of MET to chromosome 7, 2) and maximal c-Met expression by IHC, with an H score of 300 (Fig 3; Appendix Fig A1B) .
Case Report: Response to Crizotinib
A 64-year-old female never-smoker (patient 15) was diagnosed with stage IV NSCLC with poorly differentiated carcinoma histology, favoring adenocarcinoma. Her tumor underwent NGS at our institution, which showed no activating mutations in KRAS, EGFR, or BRAF and no genomic rearrangements in ALK or ROS1. A c.3028G.A mutation was identified in MET exon 14 in 94% of 867 reads (Fig 5A) , in association with high-level MET amplification ( Fig  5B) . Exon 14 skipping was detected using qRT-PCR (Fig 5C) . After disease progression during first-line chemotherapy, the patient started crizotinib 250 mg orally twice per day, and repeat imaging 8 weeks later showed dramatic improvement in multiple lesions throughout her body (Figs 5D and 5E) , with an ongoing response at 8 months.
DISCUSSION
Lung cancer remains the leading cause of cancer-related death worldwide, and detection of targetable genomic mutations within tumors will continue to improve outcomes for patients with NSCLC. Here we present the largest, to our knowledge, single-institution cohort of patients with NSCLC harboring MET exon 14 splicing mutations. These mutations occurred in 3.0% of nonsquamous NSCLCs, similar in prevalence to ALK translocations in our cohort and more common than rearrangements in ROS1, RET, and NTRK1 both in our cohort and in comparison with previously reported frequencies for these genomic alterations. [30] [31] [32] [33] [34] [35] Two recent reports have focused attention on MET exon 14 mutations as a targetable alteration in lung cancer. Paik et al 13 described eight patients with MET exon 14 mutations, four of whom were treated with either crizotinib or cabozantinib, and partial responses were observed in some of these patients. Comparisons of clinical characteristics of these eight patients with those of patients with other molecular NSCLC subtypes were not provided given the sample size. Frampton et al 12 impressively screened more than 38,000 tumors and identified 221 patient cases with METexon 14 mutations; however, limited clinical and histopathologic data were available in this study. Here we describe detailed clinical, pathologic, and genomic features of 28 lung cancers harboring MET exon 14 mutations. Uniquely, the MET exon 14 mutation seems to occur in older adults, with a median age of 72.5 years. This is the first time that a lung cancer mutation has been identified specifically in an older population and is in contrast to ALK and ROS1 rearrangements, which tend to occur at younger ages of 50 to 60 years, 30, [36] [37] [38] and to KRAS, EGFR, and BRAF mutations, which tend to occur at the ages of 61 to 66 years.
38,39
Older patients may not be able to receive full-dose chemotherapy because of comorbidities; therefore, successful identification of targetable mutations in this population may improve treatment tolerability. EGFR-, ALK-, and ROS1-driven cancers tend to occur in light or never-smokers. 30, [36] [37] [38] However, in our cohort, 64% of patients with MET exon 14 mutations had a history of tobacco use. We also found that although MET exon 14 mutations occurred predominantly in adenocarcinomas, 14% of patients with MET exon 14 mutations had pleomorphic (including sarcomatoid) histology, which is a higher-than-expected rate compared with historical case series. 40 These findings highlight the need for comprehensive Nearly half of the patients with METexon 14-mutated cancer in our study presented with stage I disease; this is in contrast to ALKrearranged lung cancer, for example, which is rare in early-stage NSCLC. 36 In The Cancer Genome Atlas study of lung adenocarcinoma 41 and in a separate Japanese study, 42 MET amplification and MET exon 14 mutations seemed to be mutually exclusive in NSCLC; however, both of these studies used surgically resected (earlystage) lung tumors for analysis. Compared with patients presenting with METexon 14-mutated stage IA to IIIB NSCLC, patients with MET exon 14 mutations with stage IV disease in our study were significantly more likely to have concurrent MET genomic amplification and strong c-Met expression. Our findings suggest that a MET exon 14 mutation may be an early event in lung tumorigenesis, and the stepwise addition of MET amplification and/or overexpression may contribute to a more aggressive clinical phenotype, but comparisons of serial tumor samples from the same patient will be necessary to validate this hypothesis.
Several different mutation types in METexon 14 and its flanking introns were detected in our study, and this large degree of variation will have to be taken into account when designing clinical diagnostic sequencing assays to capture all possible activating MET mutations. Although some mutations affected splice acceptor and splice donor sites, which would easily be predicted to affect splicing, others occurred deeper within intron 13 and did not overlap with the splice acceptor site. In addition, a recurrent point mutation at the last Notably, this tumor showed evidence for significant genomic instability (bottom) marked by numerous copy-number alterations, including low-level amplification of EGFR and MET (estimated at approximately six copies; red arrow), low-level gain of 8q (dark blue shading of points on chromosome 8q), homozygous deletion of CDKN2A/B (green arrow), MDM2 amplification (blue arrow), and NKX2-1 amplification (black arrow).
nucleotide of exon 14 (c.3028G.A) was detected in three patients; G.A mutations in the last nucleotide of exons have been reported to cause alternative splicing in a number of other diseases.
43-45 Robust exon 14 skipping was observed in 23 of 24 samples from patients with MET exon 14-mutant NSCLC tested using a qRT-PCR-based assay, demonstrating that a variety of sequence changes in this region can affect precursor mRNA processing. The only patient in whom exon 14 skipping was not demonstrated was the one patient with a c.3008A.G point mutation, resulting in a Y1003C amino acid substitution. Tyrosine 1003 is necessary for the binding of c-Cbl to c-Met and is required for receptor ubiquitination and degradation. 16 In vitro, a Y1003F substitution mutation has been shown to transform fibroblasts in the absence of ligand, promote epithelialto-mesenchymal transition, and lead to cell dispersal. 16 In this particular patient, the Y1003C mutation, rather than exon 14 skipping, may have been the main mechanism of c-Met activation.
We describe a patient with a c.3028G.A mutation causing MET exon 14 skipping who also had concurrent high-level amplification of the mutated MET allele and experienced a major partial response to the c-Met inhibitor crizotinib; no rearrangements in ALK or ROS1, other targets of crizotinib, were detected in this patient. Whether sensitivity to crizotinib in this patient was conferred more by the MET exon 14 mutation or by MET amplification is unclear; however, responses to c-Met inhibitors have been reported in patients with MET exon 14 mutations without MET amplification. 12, 13 Prospective clinical trials will be necessary to determine if certain MET exon 14 mutations are more responsive to c-Met inhibition than others and whether concurrent MET amplification predicts for increased sensitivity to c-Met inhibitors. Studying how these initially responsive cancers acquire resistance to c-Met inhibitors will also be critical for the development of therapeutic strategies to overcome resistance. 46 
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